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DESCRIPTION 

SILICON WAFER AND METHOD FOR MANUFACTURE THEREOF, 
AND METHOD FOR EVALUATION OF SILICON WAFER 



TECHNICAL FIELD 

The present invention relates to a method of manufacturing silicon 
wafers to be used in manufacturing semiconductor devices, suitable for non- 
oxidative heat treatment such as for example hydrogen atmosphere high- 
temperature heat treatment (called hydrogen heat treatment) etc. 

BACKGROUND ART 

Void defects etc that are agglomerated by vacancies and detected as for 
example LSTD, FPD or COP are present in silicon wafers (CZ-silicon wafers) 
manufactured by the Czochralski method (hereinbelow referred to as the CZ 
method). Since such crystal defects have an adverse effect on the quality of the C\ 
final product, heat treatment such as hydrogen atmosphere high-temperature 
heat treatment (also called hydrogen heat treatment or hydrogen annealing) is 
often performed in order to remove such crystal defects. In fact it is known 
(Examined Japanese Patent Publications 3-80338) that in CZ-silicon wafers 
subjected to hydrogen treatment, void defects agglomerated by vacancies 
detected as LSTDs etc are eliminated, with the result that excellent oxide film 
voltage-withstanding properties are displayed. 

However, since there is the problem that the benefit of hydrogen heat 
treatment is restricted exclusively to the extreme surface vicinity of the wafer, 



and noting the fact that the defect-eliminating benefit by the hydrogen heat 
treatment increases as the defect size becomes smaller, the method has been 
proposed (Unexamined Japanese Patent Publication No. 10-208987) of 
extending the benefit of the hydrogen heat treatment to deeper regions by 
5 speeding up the rate of cooling in the temperature zone where defects are 

generated during crystal growth so as to reduce the size of the defects to a very 
small size and performing hydrogen heat treatment thereon. 

In addition, in order to make it possible to cope with increase in crystal 
diameter by this method, a method has also been proposed (Unexamined 
□ 10 Japanese Patent Publication No. 10-260666) of achieving good wafer quality by 

>a optimizing V/G (where V is the pulling speed and G is the temperature gradient 

CO 

J in the axial direction of the crystal in the vicinity of the melting-point), which 

m 

governs the concentration of point defects (voids), which are thought to be the 

Q 

m source of defects. 

ry 15 Recently, as another approach relating to reducing the size of defects, it 

J is reported (Unexamined Japanese Patent Publication No. 10-98047) that wafers 
suitable for annealing can be manufactured by reducing the defect size by 
addition of nitrogen during growth of CZ silicon single crystals. 

However, when nitrogen is added during crystallization from the melt, 
20 the nitrogen concentration changes in the length direction of the crystal due to 
segregation, so the problem arises that this tends to cause a nonuniform 
distribution of defects as a result. 

Furthermore, although it is true that, when nitrogen is added, the benefit 
of high-temperature annealing can be more easily manifested, due to decrease 
25 in defect size. However, since the defect density increases on the other hand, 
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under inadequate high-temperature annealing conditions, there is contrariwise a 
risk of causing deterioration of wafer quality. 

To summarize, it has still not yet been fully verified whether or not 
wafers in which defect size has been reduced by addition of nitrogen (nitrogen 
doping) as described above are indeed suitable for use as products, and it has in 
fact not yet been clarified whether nitrogen-doped wafers can indeed be used as 
wafers for semiconductor device manufacture or not. 



g DISCLOSURE OF THE INVENTION 

sss 

;tl 10 The present invention has been made in view of the foregoing problems, 

"sis? 

i'S and an object of the present invention is, in a method of manufacturing a silicon 
Ul wafer by doping with nitrogen, to verify manufacturing conditions such that a 

□ silicon wafer having satisfactory properties for use as a semiconductor device 

rll 

M can be manufactured, and to enable manufacture of a nitrogen-doped wafer 

ru 

q 15 having excellent characteristics as a wafer for manufacturing a semiconductor 

ru 

device after performing heat treatment. 

As a result of detailed study of growth conditions in view of the 

aforementioned problems, the inventors of the present application discovered 

manufacturing conditions for silicon wafers that have fully satisfactory 
20 performances for use in advanced semiconductor devices even after heat 

treatment, and thereby perfected the present invention. 

More specifically, when the present inventors evaluated wafer 

performance through the measurement of gate oxide integrity of wafers doped 

with nitrogen (nitrogen-doped wafers), they discovered that, with this process, 
25 while nitrogen-doped wafers tended to show excellent results in a TZDB (time 

zero dielectric breakdown) test compared with wafers that had not been 
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subjected to nitrogen doping after heat treatment under a non-oxidizing 
atmosphere, if the wafers were doped with nitrogen to a high concentration, the 
results of the TDDB (time dependent dielectric breakdown) test showed 
abnormalities. 

Also, the present inventors discovered that, whereas whether the TZDB 
test results are good or not and whether abnormalities appear in the TDDB test 
results or not depend on the nitrogen concentration of the nitrogen-doped wafer, 
at the same time, the TZDB test results depend on the type of gas with which 
non-oxidative heat treatment is performed (for example whether this is 
hydrogen gas or argon gas), yet the nitrogen concentration for which 
abnormalities appear in the TDDB test results does not depend on the type of 
gas which is used to perform the non-oxidative heat treatment, but, rather, can 
be inferred to be practically fixed. 

With these discoveries that made a great contribution to perfecting the 
present invention, the present inventors present for the first time in the present 
application the fact that nitrogen-doped wafers containing nitrogen of 
concentration not more than 4 X 10 14 atoms/cm 3 , which is a concentration at 
which abnormalities appear in the TDDB test after heat treatment under non- 
oxidative atmosphere, are preferable as silicon wafers for non-oxidative heat 
treatment for semiconductor device manufacture. They therefore have taken 
this as the basic content of the claims of the present application. 

Also, when nitrogen-doped wafers were evaluated in terms of the non- 
defective ratio with respect to gate oxide film voltage-withstand properties 
(GOI), the benefit of hydrogen heat treatment was fully displayed at the surface. 
In addition this benefit was independent of the amount of nitrogen doping. 
However, when an evaluation was conducted regarding a portion at a certain 



depth, the gate oxide film non-defective ratio was found to depend on nitrogen 
concentration and in fact there is an upper limit and a lower limit for the 
nitrogen doping amount. Thus it became clear that, when used as a product for 
a semiconductor device, the nitrogen concentration must be within a prescribed 
range. This discovery also contributed greatly to perfecting the present 
invention. 

It should be noted that although the aforementioned Unexamined 
Japanese Patent Publication No. 10-98047 has the statement "a nitrogen 
concentration of at least 1 X 10 14 atoms/cm 3 ", no information in support of this 
is disclosed. 

More specifically, according to the present invention, methods as 
indicated below and silicon wafers for non-oxidative heat treatment for 
semiconductor device manufacture are proposed. 

A silicon wafer for non-oxidative heat treatment for semiconductor 
device manufacture wherein the nitrogen concentration is in the range from 5 X 
10 13 atoms/cm 3 to 1 X 10 15 atoms/cm 3 , preferably the range from 5 X 10 13 
atoms/cm 3 to 8 X 10 14 atoms/cm 3 , even more preferably 5 X 10 13 atoms/cm 3 to 
4 X 10 14 atoms/cm 3 and further more preferably the range from 1 X 10 14 
atoms/cm 3 to 4 X 10 14 atoms/cm 3 . 

Specifically, considering only the gate oxide film voltage-withstanding 
capability as found by TZDB, the range of nitrogen concentration for a good 
quality product corresponds to from 5 X 10 13 atoms/cm 3 to 1 X 10 i5 atoms/cm 3 
(within a range of gate oxide film withstand- voltage non-defective ratio of at 
least 90% as found by TZDB), preferably within a range of nitrogen 
concentration of 1 X 10 14 atoms/cm 3 to 8 X 10 14 atoms/cm 3 (within a range of 
gate oxide film withstand-voltage non-defective ratio of at least 95% as found 



by TZDB); if, in addition, the fixed current value TDDB is taken into 
consideration, this must be 4 X 10 14 atoms/cm 3 or less. The range for 
satisfactory products can therefore be divided into four, namely, a range of 
from 5 X 10 13 atoms/cm 3 to 1 X 10 15 atoms/cm 3 ; a range of 5 X 10 13 atoms/cm 3 
5 to 8 X 10 14 atoms/cm 3 ; a range of from 5 X 10 13 atoms/cm 3 to 4 X 10 14 
atoms/cm 3 ; and a range of from 1 X 10 14 atoms/cm 3 to 4 X 10 14 atoms/cm 3 . 
These are suitably selected in accordance with the product to be manufactured. 

It should be noted that the types of silicon wafer for heat treatment may 
include silicon wafers for hydrogen heat treatment supplied for heat treatment 
is | 10 under a hydrogen atmosphere, silicon wafers for argon heat treatment supplied 
Jfi for heat treatment under an argon atmosphere, or silicon wafers for mixed gas 
supplied for heat treatment under a mixed gas atmosphere of hydrogen and 

■J t 

»^ argon; however, all non-oxidative heat treatments for reducing crystal defects 
ru of the wafer surface layer (annealing treatments under conditions in the absence 

nj 15 of oxygen) are included in the scope of the present invention. 

Q 

ry In a method of manufacturing a silicon ingot by pulling a silicon single 

crystal by the Czochralski method, a method of manufacturing a silicon ingot 
by pulling a silicon single crystal under conditions such as to form a portion of 
nitrogen concentration from 5 X 10 13 atoms/cm 3 to 4 X 10 14 atoms/cm 3 by 

20 doping of nitrogen. In particular, in a method of manufacturing a silicon ingot 
by pulling a silicon single crystal by the Czochralski method, a method of 
manufacturing a silicon ingot for manufacturing silicon wafers for non- 
oxidative heat treatment by pulling a silicon single crystal under conditions 
such as to form a portion of nitrogen concentration from 1 X 10 14 atoms/cm 3 to 

25 4 X 10 14 atoms/cm 3 by doping of nitrogen. 
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In one embodiment of the present invention, a silicon wafer for heat 
treatment for semiconductor device manufacture as described above is 
manufactured by the Czochralski method (CZ method). In this case, a silicon 
ingot was manufactured by the Czochralski method by pulling a silicon single 
crystal while doping with nitrogen so as to provide a nitrogen concentration in 
a portion or the whole thereof of 5 X 10 13 to 1 X 10 15 atoms/cm 3 . Then, a 
portion of nitrogen concentration in the range 5 X 10 13 to 1 X 10 15 atoms/cm 3 , 
preferably 1 X 10 14 atoms/cm 3 to 8 X 10 14 atoms/cm 3 was cut from this silicon 
ingot and used for a silicon wafer for non-oxidative heat treatment for 
semiconductor device manufacture and in particular for a silicon wafer for 
hydrogen heat treatment or a silicon wafer for argon annealing. If the CZ 
method is employed, a system in which a magnetic field is applied to the melt 
(MCZ method) may also be adopted. 

As the method of nitrogen doping, all methods that are currently known, 
such as the method of admixing nitrogen with the argon gas that is passed 
through the furnace when growing the crystal or the method of introducing 
nitrogen atoms into the pulled single crystal by dissolving silicon nitride in the 
raw-material melt and all methods that may in future be discovered can be 
employed. 

Also, as embodiments of the present invention, the following may be 

cited. 

A silicon wafer for semiconductor device manufacture manufactured by 
performing hydrogen heat treatment or argon annealing on a silicon wafer 
(silicon wafer for non-oxidative heat treatment as referred to above) for non- 
oxidative heat treatment for semiconductor device manufacture according to 
the present invention. 



A silicon wafer for semiconductor device manufacture wherein the 
amount of nitrogen doping is adjusted taking into account the life of a virtual 
element. 

A method of evaluating a nitrogen-doped wafer characterized in that a 
decision is made as to whether or not this nitrogen-doped wafer can be 
employed as a wafer for semiconductor device manufacture by calculating the 
life of a virtual element on the nitrogen-doped heat-treated wafer. 

A method of evaluating a wafer as set out above characterized in that the 
method of calculating the life of a virtual element on the aforementioned wafer 
is a TDDB test. 

By "virtual element" is meant a simulated element structure 
manufactured when performing a TDDB test or TZDB test; by "life of a virtual 
element" is meant the life of this simulated element structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a graph illustrating the relationship between added nitrogen 
concentration and oxide film withstand- voltage non-defective ratio after 
hydrogen annealing; 

Figure 2 is a graph illustrating the relationship between added nitrogen 
concentration and oxide film withstand- voltage non-defective ratio after 
removal of a 3 ^im surface layer by polishing after hydrogen annealing; 

Figures 3(A) and 3(B) are views illustrating the measurement results of a 
silicon wafer constant-current TDDB test after hydrogen heat treatment. Figure 
3(A) is a view illustrating the measurement results of a constant-current TDDB 
test of a normal element in which nitrogen doping is not performed and Figure 
3(B) is a view illustrating the measurement results of a constant-current TDDB 
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test of an element wherein no abnormalities were produced by performing 

nitrogen doping at high concentration; 

Figures 4(A) and 4(B) are views showing the results of measurement of 

the gate oxide film withstand- voltage (GOI) obtained by a TZDB test of an 

5 argon-annealed nitrogen-doped wafer. In Figure 4, Figure 4(A) is a view 

showing the case where polishing was not performed, the case after 3 ^im 

polishing, and the case after 6 \im polishing respectively superimposed; Figure 

4(B) is a view showing only data for the case of 3 ^m polishing in particular, in 

order to facilitate understanding of the difference in comparison with Figure 2, 

□ io which shows the case of 3 |im polishing after performing hydrogen annealing; 

;»5 Figures 5(A) through 5(D) are views showing the results of a constant- 

ly 

Si current TDDB test of an argon-annealed nitrogen-doped wafer. In particular, 

iff 

•i Figure 5(A) to Figure 5(D) are views showing the results of a constant-current 

a 

ry TDDB test in which, from a condition (Figure 5 (A)) in which no doping at all 
j«y 15 with nitrogen is performed, the nitrogen concentration was raised to 5 X 10 13 
| atoms/cm 3 (Figure 5 (B)), 1 X 10 14 atoms/cm 3 (Figure 5(C)), and 1 .13 X 10 14 
atoms/cm 3 (Figure 5(D)); 

Figures 6(A) through 6(D) are views showing the results of a constant- 
current TDDB test of an argon-annealed nitrogen-doped wafer. In particular, 
20 Figure 6(A) to Figure 6(C) are views showing the results of a constant-current 
TDDB test in which the nitrogen concentration was raised to 1.64 X 10 14 
atoms/cm 3 (Figure 6(A)), 5.82 X 10 14 atoms/cm 3 (Figure 6 (B)), and 1.37 X 
10 15 atoms/cm 3 (Figure 6(C)). Figure 6(D) shows respectively hydrogen- 
annealed and argon-annealed wafers superimposed, doped with nitrogen at 5.82 
25 X 10 14 atoms/cm 3 and at 1 .37 X 10 15 atoms/cm 3 ; 
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Figure 7 is a view showing the results of Figure 5(A) to Figure 6(C) 
superimposed; and 

Figure 8 is a view showing changes in nitrogen concentration in a single 
crystal pulled using the CZ method. 

BEST MODE FOR CARRYING OUT THE INVENTION 

As test examples, the present inventors cut silicon wafers from a CZ- 
silicon single crystal grown under various conditions and examined the 
effectiveness of defect elimination in the wafer depth direction by performance 
of hydrogen annealing after performing specular polishing process. 
<Growing single crystals> 

The crystals with boron added as dopant and diameter 200 mm, of p type 
and crystal orientation <100> were grown with the factors that control defect 
behavior, namely, V/Gl and V X G2 respectively in the ranges 0.13 to 0.4 
mm 2 /min°C and 0.5 to 10°C/min (where V is the pulling speed, Gl is the 
temperature gradient in the vicinity of the solid/liquid interface, and G2 is the 
temperature gradient of the temperature zone of defect formation). 

<Nitrogen doping> 

In growing such silicon single crystal ingots, nitrogen addition was 
performed such as to produce a nitrogen concentration of 4.9 X 10 13 atoms/cm 3 
to 1.24 X 10 15 atoms/cm 3 . Also, for comparison, crystals were prepared without 
nitrogen addition. 

The nitrogen addition was performed by the method of introducing 
nitrogen gas into the CZ furnace or the method (Unexamined Japanese Patent 
Publication No. 5-294780) of mixing with the raw-material silicon a wafer 
formed with a silicon nitride film on its surface. 
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<Quantitative determination of nitrogen concentration> 

For the quantitative determination of nitrogen concentration, quantitative 
determination was performed in respect of the portions capable of measurement 
using SIMS by measurement using SIMS, and, in respect of the portions 
incapable of measurement using SIMS, quantitative determination was 
performed from the portions measured using SIMS by calculation using a 
prescribed calculation formula. 

More specifically, quantitative determination was performed on the 
extreme tail portion of the crystal straight cylindrical portion (solidification 
ratio about 90%) having a concentration of nitrogen sufficiently larger than the 
minimum value for detection in quantitative determination of nitrogen (up to 1 
X 10 14 atoms/cm 3 ) using SIMS (manufactured by Cameca, model IMF-6F). 

It was confirmed that there was no external disturbance to the measured 
values due to residual nitrogen gas from the atmosphere entering during sample 
changeover by using a silicon crystal grown by the FZ method, in which 
nitrogen was not introduced, as blank. Also, quantitative determination was 
performed with the nitrogen concentration calibrated by a known standard 
sample formed by ion implantation of nitrogen. 

The nitrogen concentration in positions which could not be measured 
using SIMS was calculated using the following calculation formula. 

Cs = kCo(l -L) k - ! 

Where Cs is the impurity concentration in the crystal, Co is the initial 
impurity concentration in the melt, L is the solidification ratio and K is the 
segregation coefficient of nitrogen, taken to be 0.0007, from the reference: 
Yatsurugi et al (1973) J. Electrochem. Soc. 120. 975, which is well used in this 
field of industry. 
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In the above calculation formula, the concentration of nitrogen impurity 
in the molten silicon which is taken into the crystal is expressed using the 
segregation coefficient k which is characteristic of the impurity. 

The formula given above is a formula which expresses the segregation 
5 phenomenon. Due to the segregation phenomenon, the impurity concentration 
(nitrogen concentration) increases with growth of the crystal, becoming a high 
concentration at the extreme tail portion of the crystal straight cylindrical 

[.* portion, at which the minimum value for detection in quantitative 

Q 

q determination of nitrogen by SIMS (up to 1 X 10 14 atoms/cm 3 ) is exceeded. 

J 10 For the above reasons, in this practical example, it is arranged to measure 

Jjj the nitrogen concentration by SIMS at the extreme tail portion (solidification 

ratio about 90%) of the crystal straight cylindrical portion and the concentration 
jrj at each crystal position is then calculated from the above formula using this 

value. 

ru 

O is < Wafer heat treatments 

ru 

After doping with nitrogen ascribed above, hydrogen heat treatment 
(hydrogen annealing) and argon annealing were performed on a wafer that had 
been subjected to the quantitative determination process. Regarding the 
hydrogen annealing conditions and argon annealing, typically processing was 

20 performed at 1200 °C X 1 hour and the gate oxide film withstand-voltage 

characteristic (GOI) was examined in a condition immediately after hydrogen 
heat treatment and immediately after argon annealing, respectively, in a 
condition in which 3 \im of the surface layer was removed after hydrogen 
treatment and a condition in which 3 |im of the surface layer was removed after 

25 argon annealing. 

< Evaluation of hydrogen heat-treated (hydrogen-annealed) wafer> 
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[Gate oxide film withstand-voltage (GOI)] 

The gate oxide film withstand-voltage was measured by forming a MOS 
structure on a wafer and applying voltage thereto. When measuring the gate 
oxide film withstand-voltage after polishing to a depth of 3 fim, the wafer 
surface was polished to a depth of about 3 urn and the measurement was made 
by forming a MOS structure thereon and applying voltage thereto. 

[TZDB (Time Zero Dielectric Breakdown) test] 

When measuring gate oxide film withstand-voltage by TZDB, in the case 
of the measurement method adopted in this test example, polysilicon electrodes 
of 10 mm 2 were used as gate electrodes and voltage was applied thereto by the 
step voltage application method. Also, the oxide film thickness was 25 nm. 
Furthermore, the measurement temperature was room temperature (25°C), and 
the withstand-voltage evaluation current was 1 0 \i A. 

As a result, as shown in Figure 1, the oxide film withstand-voltage non- 
defective ratio immediately after hydrogen treatment was practically 100%, 
irrespective of nitrogen concentration and growth conditions. 

However, when, after hydrogen treatment, the surface layer of 3 fim was 
removed and the oxide film withstand-voltage ascertained, as shown in Figure 
2, it was found that, although non-defective ratio increased with increase in 
nitrogen concentration up to 6 X 10 14 atoms/cm 3 , above this, the non-defective 
ratio actually fell. 

Taking into consideration integrity of the wafer surface layer (device 
active layer), whose importance increases as the integration degree of device 
becomes higher, it is necessary to maintain an oxide film withstand-voltage 
non-defective ratio as far as a depth of 3 ^im from the surface layer of at least 
90%. 
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From Figure 2 it can therefore be seen that in order to achieve an oxide 
film withstand-voltage non-defective ratio of 90% or more it is necessary that 
the nitrogen concentration should be in the range 5 X 10 13 to 1 X 10 15 
atoms/cm 3 ; and, in order to achieve an oxide film withstand-voltage non- 
defective ratio of 95% or more, which is even more preferable for the product, 
it can be seen that it is necessary to set the nitrogen concentration in the range 1 
X10 14 to 8 X10 14 atoms/cm 3 . 

[Constant-current TDDB (time dependent dielectric breakdown) test] 
For the constant-current TDDB, breakdown of the oxide film after lapse 
of a prescribed time with the current kept constant is ascertained by change of 
the voltage applied to the element. For measurement, a MOS structure is 
formed in the same way as in the case of inspection of the oxide film 
withstand-voltage . 

In the measurement, with the method of measurement adopted in this test 
example, polysilicon electrodes of 1 mm 2 were used as the electrodes. Also, the 
oxide film thickness was 25 nm. Furthermore, the measurement temperature 
was 125°C, the applied current density was 50 mA/cm 2 , and the evaluating 
electrical field was 4 MV/cm. 

When the constant-current TDDB was measured, it was found that, in 
the case of a normal element, instantaneous breakdown occurred on exceeding 
about 100 seconds. However, in the case of an abnormal element, instantaneous 
breakdown did not occur but rather breakdown occurred over time, so 
breakdown proceeded progressively, starting from before the lapse of 100 
seconds. Consequently, the result is that breakdown is observed to have 
occurred after lapse of 100 seconds, depending on the value to which the 
evaluating electrical field is set. Consequently, if the measurement results of 
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constant-current TDDB are graphed, in the case of normal elements, the results 
are concentrated on the plot at a location after lapse of a fixed time (in this case, 
about 100 seconds) and points on the plot do not appear elsewhere (see Figure 
3(A)); however, in the case of abnormal elements, points on the plot do appear 
elsewhere at locations remote from a lapsed time of 100 seconds (see Figure 
3(B)). 

Occurrence of such abnormalities in heat-treated wafers is not observed 
in wafers that have been heat-treated with no nitrogen doping (Figure 3(A)), 
but is a characteristic phenomenon occurring in respect of heat-treated wafers 
that have been doped with nitrogen to a high concentration. 

The TDDB test is one type of reliability test of semiconductor devices 
and provides an index of the constancy of the ability to withstand element 
fatigue. The TDDB test can also be utilized to provide simulated data for 
inferring stability of the life of semiconductor devices manufactured from the 
wafers used in the test. 

In this test example, the constant-current TDDB in a condition in which 
no polishing was performed and the constant-current TDDB after polishing to a 
depth of 3 \im were measured for various wafers after hydrogen heat treatment. 

As a result, the data shown in the tables below were obtained. 
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[Table 1] 
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5.41 


1.37E+15 


8.82 
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[Table 2] 



Item evaluated 




Nitrogen^, 
concentration"-^ 
(atoms/cm 3 ) ^\ 


TDDB abnormality 
ratio % 
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5.00E+13 
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5.10E+13 
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6.30E+13 


0 
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1.41E+14 
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1.31E+14 
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1.64E+14 


0 


4.97E+14 


18.9 


6.48E+14 


8.11 


8.61E+14 


13.5 


1.12E+15 


10.8 


1.26E+15 


8.11 



Table 1 shows the relationship between the nitrogen concentration in the 
condition in which no polishing is performed and the constant-current TDDB 
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abnormality ratio; Table 2 shows the relationship between the nitrogen 
concentration after polishing to 3 and the constant-current TDDB 
abnormality ratio. As shown in these tables, normal values of the constant- 
current TDDB are shown when the nitrogen concentration is 4 X 10 14 
atoms/cm 3 or less. Consequently, by adding this requirement to the 
aforementioned oxide film withstand-voltage conditions, the optimum 
conditions for a nitrogen-doped crystal become such as to provide a silicon 
wafer for heat treatment wherein the nitrogen concentration is in a range from 5 
X 10 13 atoms/cm 3 to 4 X 10 14 atoms/cm 3 , in particular, a silicon wafer for heat 
treatment wherein the nitrogen concentration is in a range from 1 X 10 14 
atoms/cm 3 to 4 X 10 14 atoms/cm 3 . 

<E valuation of argon-annealed wafer> 

[TZDB (time zero dielectric breakdown) test] 

Measurement of the gate oxide film withstand-voltage (GOI) using the 
TZDB test was conducted under the same conditions as in the case of hydrogen 
annealing. However, in the case of argon annealing, the gate oxide film 
withstand-voltage was also measured after polishing to 6 \im. The results are 
shown in Figure 4. It should be noted that, whereas, in this Figure 4, Figure 
4(A) shows the case where polishing was not performed, the case where 
polishing to 3 ^im was performed and the case where polishing to 6 jim was 
performed, respectively superimposed, in Figure 4(B), in order to facilitate 
understanding of the difference from Figure 2, which shows the case where 
polishing to 3 |im was performed after hydrogen annealing, in particular only 
data for the case of polishing to 3 ^im are shown. 

As can be seen from this Figure 4, wafers that have been subjected to 
nitrogen doping have excellent gate oxide film withstand-voltage 
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characteristics in the TZDB test, compared with wafers that have not been 
subjected to nitrogen doping; also, no clear upper limit is observed as it is in 
the case of wafers polished to a depth of 3 ^m after hydrogen annealing. 
Consequently, in the case of argon-annealed wafers that have been subjected to 
5 nitrogen doping either nothing like an upper limit in regard to nitrogen 

concentration is found in the TZDB test, or an upper limit is found at a location 
appreciably higher than the nitrogen concentration of 1 X 10 15 atoms/cm 3 , 
u which is the upper limit in the case of hydrogen annealing. Furthermore, as can 
;:~ be seen from Figure 4(A), there is not much difference in the results of the 
jr io TZDB test for argon-annealed wafers both in the case of wafers that were 
;^ polished to a depth of 3 fim and wafers that were polished to a depth of 6 ^im. 
! *n [Constant-current TDDB (time dependent dielectric breakdown) test] 

Q The constant-current TDDB test also, like the TZDB test, was conducted 

\ y 

M> under the same conditions as in the case of hydrogen annealing. The results are 

fU 

Q is shown in Figure 5 to Figure 7. 

ru 

Figure 5 and Figure 6 show the results of a constant-current TDDB test 
when the nitrogen concentration was raised from a condition in which no 
nitrogen doping at all was performed (Figure 5(A)) to 5 X 10 13 atoms/cm 3 
(Figure 5(B)), 1 X 10 14 atoms/cm 3 (Figure 5(C)), 1.13 X 10 14 atoms/cm 3 (Figure 

20 5(D)), 1.64 X 10 14 atoms/cm 3 (Figure 6(A)), 5.82 X 10 14 atoms/cm 3 (Figure 
6(B)), and 1.37 X 10 15 atoms/cm 3 (Figure 6(C)). 

As is clear from these Figures, although, up to a nitrogen concentration 
of 1.64 X 10 14 atoms/cm 3 (Figure 6(A)), the densely concentrated condition of 
the points on the graph is unchanged, when the nitrogen concentration is 5.82 X 

25 10 14 atoms/cm 3 (Figure 6(B)) or 1.37 X 10 15 atoms/cm 3 (Figure 6(C)), the 
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shifting of the points on the graph to locations somewhat to the rear of 100 
seconds which is characteristic of abnormal elements appears. 

In Figure 6(D), the results obtained with wafers doped with nitrogen with 
a concentration of 5.82 X 10 14 atoms/cm 3 and 1.37 X 10 15 atoms/cm 3 are shown, 
with the results of hydrogen-annealed wafers and argon-annealed wafers 
respectively superimposed. Also, in Figure 7, the results of the wafers of Figure 
5(A) to Figure 6(C) are shown superimposed. 

From these results, it appears that there is an upper limit in the results of 
performing the constant-current TDDB test on nitrogen-doped argon-annealed 
wafers between nitrogen concentrations of 1.64 X 10 14 atoms/cm 3 (Figure 6(A)) 
and 5.82 X 10 14 atoms/cm 3 (Figure 6(B)); this is present at a location close to 
the value of 4 X 10 14 atoms/cm 3 (Figure 6(D)), which was deemed to be the 
upper limit from the results of performing the constant-current TDDB test for 
hydrogen-annealed wafers. 

From the above, it can be seen that, although there is a big difference in 
the results of the TZDB test between hydrogen-annealed and argon-annealed 
nitrogen-doped wafers, there is scarcely any difference in terms of the results of 
the constant-current TDDB test. 

Thus, from the fact that, for silicon wafers for semiconductor devices 
(silicon wafers for manufacturing semiconductor devices), the results of the 
TDDB test must be seriously taken into account, it can be seen that nitrogen- 
doped wafers for non-oxidative heat treatment that are to be the subject of 
hydrogen annealing or argon annealing must in each case contain nitrogen with 
a concentration of 4 X 10 14 atoms/cm 3 or less, which is considered to be the 
upper limit from the results of a constant-current TDDB test. 
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Figure 8 is a view showing the change of nitrogen concentration in a 
pulled single crystal when pulled by the CZ method. In this Figure 8, the 
horizontal axis shows the solidification ratio, taking the total amount of 
polysilicon raw material, which is the raw material of the single crystal ingot, 
which is introduced as 1, while the vertical axis shows the nitrogen 
concentration. In this Figure, (a) is the curve when the initial concentration is 2 
X 10 14 , and (b) is the curve when the initial concentration is 1 X 10 14 and (c) is 
the curve when the initial concentration is 5 X 10 13 . 

As is clear from this Figure 8, due to the nitrogen segregation 
phenomenon, the nitrogen concentration becomes higher towards the tail end of 
the pulled silicon ingot (the corresponding silicon ingot shape is shown on the 
graph). 



INDUSTRIAL APPLICABILITY 

As described above, according to the present invention, a nitrogen-doped 
silicon wafer can be provided showing excellent wafer characteristics for a 
product. 
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